ABSTRACT This paper investigates the operator profit from virtual resource allocation in device-todevice (D2D) communications underlaying long-term evolution networks. By utilizing the power-bandwidth product model as the metric of operator cost, the virtual resource allocation is formulated as a binary integer programming to maximize the difference between the sum rate of all the users and the consumed resources. To reduce the complexity, the formulated problem is decomposed to two subproblems, and for each subproblem, a heuristic algorithm is proposed to transfer the complexity of exponent into polynomial. Simulation results show that the proposed scheme is close to the optimal solution with lower complexity. Meanwhile, it also outperforms the benchmark in terms of the total profit, and enables the desired tradeoff between the operator cost and sum rate of both cellular and D2D users.
I. INTRODUCTION
To provide high-rate coverage and a variety of internet services, future 5G networks [1] , [2] seek for a novel architecture to break through the rigid resource provision of the conventional cellular networks [3] , and enable flexible and cost efficient service deployment. Network virtualization [4] , [5] is envisioned as one powerful solution to address the resistance of the current network to fundamental changes. In network virtualization, the primary entity is the virtual resource. A virtual resource is a combination of active network resource on top of a physical resource. Through abstraction and virtualization, multiple virtual resources can be created and co-hosted on the same physical hardware, which can be allocated to multiple service providers (SPs). Moreover, the resource virtualization enable operator and SPs manage and modify networks in a high flexible and dynamic way, which improve the resource utility and reduce the cost of deployment of virtual private networks [6] .
Recently, many attempts have been made to introduce network virtualization into wireless cellular networks. For example, a virtual resource sharing framework was proposed in [7] , and the gain of slicing eNode B was investigated for cellular networks. The work of [8] considered the resource block (RB) sharing among multiple SPs for longterm evolution (LTE) networks, and the results show that virtualization enables the improvement of throughput. In [9] , a dynamic slicing of RBs was proposed for virtualized LTE, in which the scenario was extended to multiple eNode B case.
All the above works focused on the virtualization of LTE networks, however, none of them involved device-todevice (D2D) [10] communications in the framework. D2D technology is firstly defined as a component for LTE-A by 3GPP, and it has been considered as one of the promising solution to improve wireless cellular network from both academia and industry. D2D allows the direct communications between nearly user equipment without traversing the base station, which is helpful to reduce the transmitting delay and power. Moreover, D2D communications enable local reuse of spectrum, and is beneficial for the energy efficiency of 5G networks [11] . The two merits are attractive from the operator perspective, because spectrum and energy consumptions are the main composition of the operation cost.
The advantages of D2D in both energy and spectrum efficiency have been investigated extensively [12] - [14] , and it has been considered as a promising solution to adopt the challenges of 5G networks in rate and energy. Hence, it is interesting to investigate the gains of combining virtualization and D2D in LTE networks. The authors of [15] studies the wireless virtualizations of information-centric networks (ICN) in the context of D2D. In these works, virtualization enables the sharing of physical infrastructure and content, which can produce gains from both virtualization and built-in network caching. However, these schemes can not been applied in cellular network, because the intended design of ICN is different from that of cellular networks. The work of [16] proposed a set of problem formulations to optimize the resource allocation for virtualization of radio access network, in which the sum rate of the D2D users is maximized while the overall cellular users are not critically affected. On the basis of [16] , the authors in [17] have modified the optimization target to maximizing the sum rate of both cellular and D2D users in virtualized LTE networks.
However, in these previous studies, the optimization targets were simply rate of the users, which ignores the cost from the respective of operator, so may not improve the profits of operator in essential. In fact, as the important metric of future 5G networks, cost efficiency [2] is paid equal attention as data rate, because more and more studies show that it is indeed beneficial to improve the operator profits by optimizing both cost and rate [18] . This paper investigates the operator profit from virtual resource allocation in D2D communications underlaying LTE networks. Contrary to the formulations of [16] , [17] , a target function accounting for both operator cost and sum rate of the users is formulated, and an operator profit-aware virtual RB allocation is proposed by maximizing the function. For operator cost, a general metric called energy efficiency has been well studied in [19] , [20] , which is the sum rate over power. Differently, this paper proposes a profit metric defined as the difference between the sum rate and power consumed, which can be considered as a special case of the former. In fact, an optimal solution maximizing the profit may not always yields optimal energy efficiency simultaneously, and in the context of wireless virtualization, since the infrastructure operators only sell their network resources to SPs other than allocate them to the users directly, they are more sensitive to profits comparing with energy efficiency. Therefore, the profit metric is employed in this study. The main contributions of the paper are summarized as follows.
• By utilizing the power-bandwidth product [21] as the metric of operator cost, we take both the operator cost and sum rate of the users into consideration, and formulate the virtual resource allocation to maximize the operator profit.
• To reduce the complexity of the formulated model, a two-phase algorithm is developed by dividing the problem into two sub problems. In Phase I, to insure the service of the cellular users without D2D communications, the model is transferred into a normal binary integer programming. In Phase II, by substituting the obtained result in phase I, the resource allocation of D2D users is also transferred as a normal binary integer programming.
For each sub problem, a heuristic algorithm is proposed to transfer the complexity of exponent into polynomial.
• To examine the performance of the proposed scheme, we compare it with the work of [17] and optimal solution through extensive simulations. The remainder of the paper is organized as follows. Section II presents the system model. Section III formulates the virtual resource allocation. In Section IV, a two-phase algorithm is developed to solve the formulated model. Section V describes the heuristic algorithms for cellular and D2D users. Simulation results and discussion are provided in Section VI, while the conclusions are drawn in Section VII. 
II. SYSTEM MODEL
We consider a virtualized LTE downlink scenario. As is depicted in Fig. 1 , one eNode B is virtualized as multiple slices for M SPs, which co-exist in the covered area of the BS. The BS is manage by an infrastructure operator, and each SP needs to take on lease network resource from the operator. We consider a virtualized LTE downlink scenario where M SPs coexist in one eNode B, as is shown in Fig. 1 . associated with SP m. All the channel gains follow the channel model of [17] , which consider both the macroscopic path loss and the shadow fading loss components. It is assumed that the channel state information from all users are known at eNode B.
III. PROBLEM FORMULATION
For D2D communications underlaying LTE networks, the D2D users can only reuse the RBs of cellular users other than utilize them alone, so it is assumed that the RBs of a particular cellular user is synchronously shared by one of the D2D pairs belonging to the same SP. Here, we assume that |C m | |D m |, m ∈ {1, · · · , M }, so that there are sufficient RBs to be shared by the D2D pairs.
For the downlink communications, the sum rate of the cellular users is denoted as I c , and it can be expressed as 
).
(2)
Next, we employ power-bandwidth product model [21] as the metric of operator cost for supplying BS and network resource, so the operator cost can be expressed as
in which ρ is the ratio of the profit from the users and the cost from the SPs for leasing virtual resource. Here, ρ is utilized for unit normalization of the date rate and operator cost. In fact, since the users always pay more money to its SP than the one the SP spends for leasing network resource, ρ is employed to evaluate this effect in the computation of the total profit and ρ > 1. Due to the advantage of D2D communications for efficient utilization of the spectrum, it can be seen that D2D users consume no resource of the network, while only cellular users consume power and bandwidth of BS. Hence, the total profit of all the SPs is formulated as the difference between the sum rate of all the users and the operator cost with proper normalization, which can be expressed as
The objective of the paper is to maximize the total profit in (4) other than the sum rate of the users. Hence, the virtual resource can be formulated as problem P1.
C2 :
C4 :
C6 :
C9 : . Constraints C1, C2 and C5 stem from the requirement of binary variables. Constraint C3 insures that each SP m is allocated a minimum number of RBs, so that the pre-agreed access ratio can be met. Constraint C4 guarantees that any RB can only be assigned to one particular cellular user. Constraint C6 insures that a particular cellular user can share its RBs with at most one D2D user. Constraint C7 states that at most one D2D pair is permitted to reuse the RBs of the users. Constraint C8 insures that the signal interference noise ratio (SINR) from the assigned RBs of the cellular user should be larger than the threshold γ m c . Finally, constraint C9 guarantees that the SINR from the shared RBs of D2D user is larger than the threshold γ m d .
IV. COST-AWARE VIRTUAL RESOURCE ALLOCATION
Since the products of decision variables a and b are within the log function of the objective function, problem P1 can not be solved by regular convex optimization algorithms efficiently. Besides, these products also make the search space untraceable. In this section, P1 is decomposed to two sub problems to mitigate the products, so as to reduce the complexity.
A. PHASE I: VIRTUAL RESOURCE ALLOCATION OF CELLULAR USERS
Since D2D communications are underlay LTE networks, it is assumed that the cellular users should not be impaired while D2D users can only share assigned RBs. Therefore, it is reasonable to insure the virtual resource allocation of cellular users firstly. Without considering the D2D communications, the virtual resource allocation of cellular users is formulated as
in which x m,l c denotes the association relationship between cellular user c of SP m and RB l without considering D2D communications. It should be noticed that the objective function (14) has accounted for the operator cost. Constraint (16) guarantees that an RB can only be allocated to one cellular users. Constraint (17) ensures that for each SP m, the allocated RBs are not smaller than the threshold, so that its service level agreement can be achieved. Constraint (18) After obtaining the optimal value x * m,l c by solving sub problem P2, the D2D communications can be considered accordingly. Firstly, the objective function can be expressed as the linear sum of I d1 and I c/d , which denote the sum rate of D2D users and the one of cellular users with the interference caused by D2D users, respectively. I d1 and I c/d can be expressed as
Thus, the RB sharing problem is formulated as
C 2 :
It should be noted that x * m,l c is known in P3. Constraint C 1 states that b m (c,d) is binary integer variable. Constraint C 2 guarantees that each D2D pair can only share the RB of one cellular user. Constraint C 3 insures that at most one D2D pair VOLUME 5, 2017 shares the RBs of each cellular user. Constraint C 4 guarantees that the SINR of the cellular user is beyond the threshold when considering the D2D interference. Constraint C 5 states that the SINR threshold of D2D users is also satisfied.
It can be observed that the decision variable b m (c,d) is still within the log function (19) and (20) . Alternately, we optimize the SINR instead of the rate. Here, we replace I d1 by I d1 , which is expressed as
.
Since there are 
Thus, problem P3 is approximated to the following problem.
Comparing the objective function of P4 with the one of P3, it can be seen that the decision variable b m (c,d) has been moved out of the log function. Meanwhile, comparing with the sub problem 2 in [17] , there is no products between decision variables in P4, so it can be solved by regular integer optimization efficiently. The search space of P4 is (2 |D| − 1) |C| , in which |D| = m∈M sp |D m |. The comparisons of search space is listed in Table 1 , which show the convenience of the proposed decomposition in complexity reduction.
However, it demonstrates that the proposed sub problems are still with complexity of exponent. Therefore, two heuristic algorithms are proposed in Section V to solve the sub problems with complexity of polynomial and comparable performance. 
Next, we rewrite constraint (18) equivalently as
Here, we derive a tied condition from (32) to set the decision variables. (32) is satisfied. After that, to meet the SLA constraint (17) , the rest RBs are assigned to the selected users of each SP with priority given to the uses owning the best channel gains. The algorithm is presented in Algorithm 1. The complexity of this algorithm is O(|C||L|M ). This is due to the fact that (31) and (34) separate the search space into three sub spaces, and each RB is assigned in each iteration to the one of the three. for c ∈ C m 3:
while (17) is not satisfied 7:
while (18) Lemma 2 indicates that ∀d ∈ D m will be allocated to a specific user c and its RBs. Meanwhile, when b m (c,d1) =1 for specific c and d1, the profit of the operator can be expressed as
in which L c is the assigned RB set of user c. Since H m,l bs,c has been decided by algorithm 1, we propose the following metric, which can be written as
With D t , the heuristic algorithm for D2D users is presented in Algorithm 2. The basic idea is to select the D2D users with the largest D t . Note that the metric is different from the one of [17] , which gives priority to the users with large |L c |. 
Algorithm 2 RB Sharing for D2D User
end for 7: end for
VI. SIMULATION RESULTS
In this section, the performance of the proposed algorithm is examined by simulations. Meanwhile, the scheme in [17] and the optimal solution are also compared as the benchmarks. Here, the optimal solution is for problem P2 and P4, which are linear binary programming and solved by CPLEX 12.6.2.
The total profit of the SPs is measured according to (4). For fair comparison, the total profit of [17] is accounted as the difference of sum rate of the users and the operator cost scaled by (3) . Throughout the simulation, there are 3 SPs served by the same eNode B, and we set up |L| = 50 and B = 180 kHz for each time slot. It is also assumed that |C m | = 30, |D m | = 3 for each SP. All the users are assumed to locate uniformly in the covered area of the eNode B. The pre-arranged access ratios are given as λ Fig. 2 plots the total profit comparisons for different SPs with respect to ρ = 5. We observe that the proposed scheme performs better than the benchmark in [17] , so each SP can obtain more profits from the users. Besides, the gap between the optimal solution and the proposed scheme is narrow, which verifies the effectiveness of the proposed decomposition and heuristic approximation. Moreover, for each comparison group, the gap between the compared schemes for SP 1 is the largest, while the ones of SP 2 and SP 3 are medium and the smallest, respectively. This is due to the pre-arranged access ratio, since λ assigned to SP 1, and this gap shows the positive effect of the proposed algorithm in resource utilization. Similarly, for each SP, the proposed algorithm is superior to the benchmark in total utility. The optimal solution outperforms the proposed scheme, but the gap is slight. Besides, for each SP, the gap between the compared schemes has narrowed comparing with the one in Fig. 2 . This is caused by the growth of parameter ρ, which decides the ratio of the cost in total utility. Fig. 4 demonstrates the total profit comparisons for different SPs with respect to ρ = 50. We can see the proposed scheme is still superior to the one in [17] , and is also close to the optimal solution. Comparing with the results in Figs. 2 and 3 , it can be seen that the gap between the proposed scheme and the benchmark in [17] is reduced. This is caused by the growth of ρ, since 1 ρ → 0, O c in (3) trends to 0, and the target function in P1 will also trend to the one in [17] . This result shows the efficient scope of the proposed scheme with respect to parameter ρ. achieves less sum rate than the benchmark in case of ρ = 5, 25, and 50. In fact, it consumes the network resource of BS to serve cellular user, so for our algorithm, the proposed target function will hold so that excessive consumption of the resources for simply pursuing sum rate is avoided, instead, a trade-off between cost and sum rate will be achieved. Therefore, comparing with [17] , the sum rate of the proposed algorithm is less. However, when ρ = 25 and 50, the performances of the two are close, while the proposed algorithm yields more utility in Figs. 3 and 4 . Fig. 6 shows the sum rate comparison of cellular user for SP 2. Similarly, when ρ = 25 and 50, the two compared schemes are close, while the proposed scheme achieves more total utility. Fig. 7 shows the sum rate comparison of cellular users for SP 3. Since SP 3 has the smallest pre-arranged access ratio, it achieves the smallest sum rate comparing with Figs. 5 and 6. Also, when ρ = 25 and 50, the performance of the two schemes is similar. In fact, when ρ is large, the proposed algorithm tends to the benchmark, because the objective functions of the two schemes are equivalent. From Figs. 5 to 7, it can be observed that simply maximizing sum rate of cellular user will not lead to maximal utility for the SPs, and it is of significant to make appropriate trade-off between the operator cost and the sum rate. Fig. 8 depicts the sum rate comparison of D2D users for SP 1. It can be seen that the proposed algorithm outperforms the benchmark in case of different ρ. This is caused by the fact that D2D communications consume no resource from BS, so there is no cost for the operator. Therefore, for the proposed algorithm, more D2D communications are encouraged comparing with the one of cellular user. Fig. 9 presents the sum rate comparison of D2D user for SP 2. Similarly, the proposed algorithm achieves more sum rate of D2D users than the benchmark. Besides, the gap of the two schemes grows with the decrease of parameter ρ. When ρ = 50, the two schemes are close, and when ρ = 5, the advantage of the proposed algorithm becomes more apparent. Fig. 10 shows the sum rate comparison of D2D user for SP 3. Also, it can be seen that the proposed algorithm is superior to the benchmark. When ρ = 5, the gap is obvious, while when ρ = 25 and 50, the two schemes perform closely. Form Figs. 8 to 10 , it indicates that D2D communications are favored in the proposed algorithm because of its free-cost for operator, which is of significant to improve the total utility and achieve desired trade-off between the cost and sum rate.
VII. CONCLUSION
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